Gathering knowledge about the molecular events during preimplantation development is one of the most important challenges in in-vitro fertilization (IVF). The interleukin-1 (IL-1) system has been shown to be intimately involved in embryonic implantation. The aim of our study was to detect the major components of the IL-1 system in single blastomeres from human preimplantation embryos and to relate our findings to the further development of the biopsied embryos in vitro. Single blastomeres were removed from morphologically normal embryos obtained from dipronuclear zygotes and examined by reverse transcription (RT)-nested polymerase chain reaction (PCR). Expression of β-actin (external standard), IL-1β, IL-1 receptor antagonist (IL-1ra) and IL-1 receptor (IL-1R) type I mRNA were related to embryonic development and IVF outcome. Blastomeres from 12 embryos were examined: β-actin and IL-1R type I mRNA were detected in all blastomeres (100%) whereas IL-1β could be detected in only nine of the blastomeres (75%). IL-1ra was expressed in only two (17%) of the blastomeres and those were simultaneously positive for IL-1β. Both IL-1ra positive embryos were arrested in development before reaching blastocyst stage. Five embryos (three of them IL-1β mRNA positive and two IL-1β mRNA negative) were transferred as blastocysts; none of the transfers resulted in a pregnancy. We postulate that embryos expressing IL-1ra mRNA in a detectable amount appear more likely to be arrested in early developmental stages.
Introduction
Infertility and pregnancy wastage affect one of every nine couples in Western Europe and in the USA. The molecular events of embryonic attachment to the endometrial epithelium and subsequent invasion and nidation into the stroma have long been of interest, scientifically to reproductive biologists and clinically to couples with infertility or habitual abortion and to the physicians caring for them. Understanding the factors involved in preimplantation embryo development and embryo-maternal cross-talk which result in the complex maturation of the embryo and eutopic implantation is crucial for reproductive medicine. Since the advent of assisted reproductive techniques such as intracytoplasmic sperm injection (ICSI), successful fertilization has been reduced to a minor problem in human in-vitro fertilization (IVF). Pregnancy and 'take home baby' rates, however, remain unsatisfactorily low. In 1994, the overall pregnancy rate in 20 979 IVF cycles resulting in a transfer did not exceed 30% in the USA (Society for Assisted Reproductive Technology and American Society for Reproductive Medicine, 1996) .
The preimplantation embryo produces several factors during its development to signal its presence to the maternal organism, and appropriate interaction between the preimplantation embryo and maternal endometrium is at least partly controlled by paracrine cytokines (for reviews see Wegmann, 1991; Chard, 1995; Simón et al., 1995; Tazuke and Giudice, 1996) . Cytokine and growth factor mRNA have been detected in blastomeres and in preimplantation embryos from different species (Rothstein et al., 1992; Sharkey et al., 1995; Huang et al., 1997a; Krüssel et al., 1997 Krüssel et al., , 1998 Liu et al., 1997) , as well as in the human endometrium throughout the menstrual cycle, and a better understanding of these factors during early embryonic development could lead to improved in-vitro culture conditions and enhance the outcome of human IVF.
The interleukin-1 (IL-1) system has been shown to play a crucial role during human and murine embryo implantation (Tackacs et al., 1988; Kauma et al., 1990; Sheth et al., 1991 , De et al., 1993 Simón et al., 1993a Simón et al., ,b, 1994 De los Santos et al. 1996; Huang et al., 1997a,b; Krüssel et al., 1996 Krüssel et al., , 1997 Krüssel et al., , 1998 . It is composed of two agonists, IL-1α and IL-1β, one antagonist, the IL-1 receptor antagonist (IL-1ra) and two transmembraneous receptors, IL-1 receptor type I (IL-1R tI) and II (IL-1R tII) (for review see Dinarello, 1994) . All components of the IL-1 family in humans are located on chromosome 2 and the protein, DNA and RNA structures are all well characterized for many species. Both agonists are initially synthesized as precursor proteins of 31 kDa. The mature proteins have a mol. wt of 17 kDa and, although the amino acid sequences have a similarity of only~22%, they induce the same biological responses (Dower et al., 1986) . There is also a high similarity between the cDNA sequences of IL-1α and -β in mice and humans (March et al., 1985) . IL-1 receptors type I and II both possess a transmembraneous domain and their extracellular portions are homologous with similar binding affinities for the agonists and antagonist; there is also a soluble form of the IL-1R tII. The IL-1R tI is found in low numbers on almost all cell surfaces whereas IL-1R tII is found primarily on white blood cells. Only the binding of either IL-1α or -β to the IL-1 receptor type I results in signal transduction (Sims et al., 1993) with receptor type II and the soluble IL-1 receptor acting as competitors of the receptor type I (Colotta et al., 1993) . The IL-1 receptor antagonist binds with a high affinity to both receptors and prevents signal transduction by IL-1α and -β (Hannum et al., 1990) .
The IL-1 system is intimately involved in implantation and preimplantation embryo development. In humans, the IL-1R tI has been detected in total human endometrium (Simón et al., 1993a) and, more specifically, in endometrial epithelial cells with a maximal protein and mRNA expression during the luteal phase (Simón et al., 1993b) -the time of embryonic attachment and implantation. IL-1β-mRNA was detected in secretory human endometrium beginning on day 23 of the menstrual cycle (Kauma et al., 1990) . Recently, De los Santos et al. (1996) detected all major components of the IL-1 system, namely IL-1β, IL-1ra and IL-1R tI immunohistochemically in single human preimplantation embryos and we detected all major components of the IL-1 system in single mouse embryos at the mRNA level (Huang et al., 1997a; Krüssel et al., 1997) . In-vitro fertilized, cultured human embryos have been shown to produce both IL-1α and IL-1β, and high concentrations (Ͼ60 and Ͼ80 pg/ml) of these cytokines in culture media have been related to successful implantation after intrauterine transfer of these embryos (Sheth et al., 1991) , although other authors could not detect IL-1α or -β in culture fluids of human embryos (Seifer et al., 1993) . We have also demonstrated the presence of IL-1β and IL-1R tI mRNA and proteins in the human Fallopian tube in all phases of the menstrual cycle in epithelial and stromal cells of the human tubal mucosa (Krüssel et al., 1996) , as well as the presence of IL-1R tI mRNA in human preimplantation embryos grown from tripronuclear zygotes (Krüssel et al., 1998) . This may allow the preimplantation embryo to communicate with maternal surfaces through its IL-1 production during the first 5 days of preimplantation development during tubal transport.
In mice, IL-1α and IL-1β have been detected and localized at mRNA and protein level in endometrial endothelial cells (Tackacs et al., 1988) in increasing amounts from day 3 of pregnancy, peaking between days 4 and 5 (De et al., 1993) with blastocyst implantation known to occur late on day 4. Systemically administered recombinant human IL-1ra given intraperitoneally from day 3 to day 6 of pregnancy inhibited embryonic implantation in mice (Simón et al., 1994) , therefore suggesting a role of the agonist (IL-1α and/or -β) for attachment.
The aim of our study therefore was to detect the mRNA expression of all major components of the IL-1 system in single blastomeres from normally fertilized human preimplantation embryos, and to compare the mRNA pattern with the further development of the biopsied embryo.
Materials and methods

Patients
Patients from the Instituto Valenciano de Infertilidad (IVI) in Valencia, Spain, were asked to participate in this study by donating one of their embryos for research. All patients who chose to participate signed an informed consent; the protocol and the consent form had been approved by the Human Subjects in Medical Research Committee at Stanford University and by the Ethics Committee at the Instituto Valenciano de Infertilidad. All patients underwent the same downregulation/stimulation protocol [gonadotrophin releasing hormone (GnRH-long), follicle stimulating hormone (FSH)/human chorionic gonadotrophin (HCG)]. Only patients with eight or more mature (metaphase II) oocytes were asked to participate.
Blastomere biopsy and in-vitro culture All embryos described in this study were fertilized in vitro by co-incubation with homologous spermatozoa. After fertilization, embryos were checked for the number of pronuclei and only bipronuclear embryos were included in the study. Embryos were co-cultured on endometrial epithelial cells as described before (De los Santos et al., 1996) until the 8-cell stage, when one embryo from each patient was biopsied using the commonly described procedure to remove one blastomere for the mRNA detection. Briefly, embryos were placed in a single drop of medium (25 µl) under a micromanipulator and the zona pellucida was partially dissolved by the punctual application of acidified Tyrode's solution adjusted to pH 2.0 (Sigma, St Louis, MO, USA). A single blastomere was mechanically separated from the embryo by use of a biopsy pipette with an inner diameter of~40 µm. The single blastomere was examined by one round of reverse transcription (RT) followed by two rounds of nested polymerase chain reaction (PCR) using a modification of methods described previously (Kumazaki et al., 1994; Krüssel et al., 1997; Huang et al., 1997a) for β-actin, IL-1β, IL-1ra and IL-1R tI mRNA.
Primers for RT-PCR
Sequences of cDNA clones for the mRNA that should be detected in single blastomeres [β-actin (Ponte et al., 1984) , IL-1β (March et al., 1985) , IL-1ra (Haskill et al., 1991) , and IL-1R tI (Sims et al., 1989) ] were obtained from the GenBank Database of the National Center for Biotechnology Information (NCBI) of the National Institutes of Health (Internet address: http://www2.ncbi.nlm.nih.gov/ cgi-bin/genbank). One set of corresponding outer primer sequences and one set of corresponding inner primer sequences were constructed with the help of the program OLIGO 5.0 Primer Analysis Software (National Bioscience, Plymouth, MN, USA) and synthesized at the Beckman Center, Stanford University Medical Center, Palo Alto, CA, USA. The β-actin outer primers were obtained from Clonetech Laboratories, Inc., Palo Alto, CA, USA. To ensure that the product detected resulted from amplification of cDNA rather than contaminating genomic DNA, primers were designed to cross intron/exon boundaries (shown in Figure 1 for IL-1β). The primer cDNA sequences, GenBank accession numbers, locations of primers on the cDNA, and the sizes of the amplified fragments are listed in Table I . Depending on the mRNA to be detected, the downstream (3Ј-end) primers of the outer primer pairs were mixed and diluted in di ethyl pyrocarbonate (DEPC)-treated H 2 O to a final concentration of 5 µM for each primer. This primer mix was used for the RT Figure 1 . Interleukin-1β mRNA. Schematic illustration of the primer locations, locations of intron/exon boundaries, and sizes of the amplification products after the first and second rounds of nested polymerase chain reaction (PCR). *Primers were also used to reverse transcribe the specific mRNA into cDNA. IL-1β ϭ interleukin-1β; IL-1ra ϭ interleukin-1 receptor antagonist; IL-1R tI ϭ interleukin-1 receptor type I.
reaction instead of random primers to transcribe more specific cDNA products. For the first PCR, downstream (3Ј-end) and upstream (5Ј-end) primers of the outer primer pair and for the second PCR, downstream (3Ј-end) and upstream (5Ј-end) primers of the inner primer pair were mixed and diluted in DEPC-treated H 2 O to a final concentration of 5 µM for each primer.
Reverse transcription
For each blastomere, 17.5 µl RT-MasterMix were prepared [4 µl 25 mM MgCl 2 solution, 2 µl 10 ϫ PCR buffer, 2 µl DEPC-treated H 2 O (distilled), 2 µl dATP, 2 µl dCTP, 2 µl dGTP, 2 µl dTTP (all Perkin-Elmer, Foster City, CA, USA), 1.5 µl outer 3Ј primer mix]. The mix was filled into a 0.5 ml thin-walled PCR tube (Applied Scientific, South San Francisco, CA, USA), covered with 50 µl of light white mineral oil (Sigma) and kept on ice until the RNA preparation. The single blastomere was added to the RT mix allowing a carry-over of culture-medium of 1 µl. Samples were immediately heated up to 99°C for 1 min in a DNA Thermal Cycler 480 (Perkin-Elmer) to release the total RNA and denature the proteins. Samples were cooled down to 4°C and 0.5 µl RNase-Inhibitor (Perkin-Elmer) was added followed by 1.0 µl MuLV reverse tran-scriptase (GibCo BRL, Grand Island, NY, USA). The RT reaction was carried out in the DNA Thermal Cycler 480 (Perkin-Elmer) by using a programme with the following parameters: 42°C, 60 min; 99°C, 5 min; 4°C, ϱ. After the reaction was complete, samples were stored at -20°C until the first PCR.
Nested PCR
RT products were split for the first round of PCR. 2 µl of RT product were added to 48 µl of PCR-1 mix [3.4 µl 25 mM MgCl 2 solution, 4.7 µl 10ϫ PCR buffer, 33.25 µl DEPC-treated H 2 O (distilled), 1 µl dATP, 1 µl dCTP, 1 µl dGTP, 1 µl dTTP, 0.25 µl Polymerase Goldo ™ (all Perkin-Elmer), and 2.4 µl outer 3Ј ϩ 5Ј primer mix (5 µM each)]. After mixing all components in a 0.5 ml thin-walled PCR cup, the reaction mix was covered with 50 µl light white mineral oil, heated in the DNA Thermal Cycler 480 to 95°C for 9 min to activate the Polymerase Goldo ™ and the first PCR was performed according to the parameters specified in Table II . After completion of the first PCR, the reaction was terminated at 72°C for 5 min and cooled down to 4°C. First-round PCR products were stored at -20°C until the second PCR. For the second PCR, 5 µl of first round PCR products were added Table II , samples were stored at -20°C until agarose gel electrophoresis was carried out.
Agarose gel electrophoresis
Horizontal 2% agarose gel electrophoresis was carried out in the presence of ethidium bromide solution (Sigma). After completion of electrophoresis, the agarose gel was analysed on the GelDoc 1000 system (Bio-Rad Laboratories, Hercules, CA, USA). The cDNA size calculation and densitometry was carried out by using the Molecular Analyst Software (Bio-Rad Laboratories).
Results
Twelve single blastomeres from different patients were examined in this study. All embryos were biopsied at the 8-cell stage and 11 embryos (91.6%) survived the biopsy procedure as determined by further cleavage after in-vitro culture on human endometrial epithelial cells. Of the surviving 11 embryos, five embryos (45.5%) reached the hatching blastocyst stage and were transferred into the recipients' uteri on day 6 after retrieval, together with non-biopsied embryos from the same patient and the same IVF attempt. None of these cases resulted in a clinical pregnancy. The mRNA for β-actin that acted as the positive control was detected in all the blastomeres examined. Furthermore, it could be shown that all major components of the IL-1 system were expressed and could be detected in single blastomeres obtained from human embryos cultured in vitro. IL-1R tI mRNA was detected in all blastomeres (100%) whereas IL-1β could be detected in nine of the blastomeres (75%). IL-1ra was expressed in only two (17%) of the blastomeres and those were simultaneously positive for IL-1β. These results are summarized in Table III. Agarose gels obtained from an electrophoresis of the cDNA after two rounds of nested PCR for three different blastomeres are shown in Figure 2: (A) shows a gel of a blastomere that expresses IL-1β, IL-1ra and IL-1R tI mRNA; (B) shows a gel of one that expresses IL-1β-and IL-1R tI mRNA but no IL-1ra mRNA; (C) shows one that expresses only IL-1R tI mRNA.
As shown in Table III , all embryos (100%) that corresponded to the IL-1ra positive blastomeres were arrested in development before reaching blastocyst stage and none (0%) of the blastomeres of embryos developing into hatching blastocysts expressed IL-1ra. IL-1β mRNA was expressed by 3/5 (60%) blastocysts from the hatching embryos and in 5/6 (83.3%) blastocysts from the arrested embryos. Thus far, embryos expressing IL-1ra mRNA in a detectable amount appear to be arrested in early developmental stages.
Discussion
This study demonstrates for the first time that the mRNA of the major components of the IL-1 system (IL-1β, IL-1ra and IL-1R tI) are expressed and can be detected simultaneously in single blastomeres from normal human preimplantation embryos. The presence of IL-1 system mRNA and protein in preimplantation embryos has been demonstrated before: Takacs and Kauma (1996) detected IL-1β-mRNA in pooled preimplantation mouse embryos, Huang et al. (1997a) and Krüssel et al. (1997) detected IL-1β, IL-1ra and IL-1R tI in single preimplantation mouse embryos. IL-1α and -β, IL-1ra and IL-1R tI have been detected at the protein level in normally fertilized human preimplantation embryos (De los Santos et al., 1996) by immunohistochemistry. In a study that examined the mRNA expression within the different blastomeres of human preimplantation embryos resulting from tripronuclear zygotes, IL-1R tI mRNA was detected in all cells (Krüssel et al., 1998) .
The expression of IL-1R tI mRNA within all blastomeres of the embryos examined here is consistent with the mRNA data described before in embryos resulting from tripronuclear zygotes (Krüssel et al., 1998) . Expression of the mRNA for this receptor during these early stages of preimplantation embryo development may allow the embryo to receive signals during its passage through the Fallopian tube via IL-1β and/ or IL-1ra produced by Fallopian epithelial cells (Krüssel et al., 1996) .
In the study published by De los Santos et al. (1996) , the secretion pattern of one embryo that resulted in a pregnancy after intrauterine transfer was described. This successfully implanting embryo secreted IL-1α, IL-1β and IL-1ra to the medium. The authors were able to quantify the secreted proteins and they found that, although the amounts of IL-1α and IL-1β were almost constant throughout the time of in-vitro culture, the amount of IL-1ra secreted to the medium rose from~400 pg/ml in 24 h at day 2 to Ͼ1000 pg/ml in 24 h on day 5. Therefore the level of biologically active IL-1α and IL-1β, as expressed by the ratio (IL-1α ϩ IL-1β)/IL1ra, sank during the time of preimplantation development, reaching a minimum at the time of implantation. In our study of 8-cell human preimplantation embryos, we detected IL-1ra mRNA in blastomeres from only two of the 12 investigated embryos. This does not necessarily contradict the findings of De los Santos et al. (1996) , since we only examined one out of the eight blastomeres from each embryo. Also, the amount of IL-1ra mRNA might have been too low to be detected by the PCR technique used in our study. One of the crucial questions regarding the interpretation of the data presented in this paper is whether the mRNA pattern of all cells within the 8-cell embryo is the same. There is evidence for a polarized distribution of proteins (for review see Edwards and Beard, 1997) such as leptin or STAT3 as early as in 8-cell stage murine and human preimplantation embryos (Antczak and Van Blerkom, 1997) . It is unclear, however, if this polarized distribution is due to an active protein biosynthesis or due merely to a heterogeneous distribution of the maternally produced proteins within the oocyte. In one of our previous studies (Krüssel et al., 1998) , we examined the 2210 single blastomeres within human preimplantation embryos resulting from tripronuclear zygotes for their levels of IL-1R tI and β-actin mRNA. We demonstrated that, although the amount of mRNA differed widely between the single blastomeres within the embryo, all blastomeres within an embryo showed the same qualitative expression pattern. From the results of this study we concluded that the mRNA pattern within the blastomeres of a human 8-cell embryo is the same in each blastomere, although the amounts of mRNA may be different. Whether the simultaneous expression of IL-1ra mRNA in the blastomeres and the arrest of the corresponding embryos later during in-vitro culture described in the present study really are related to each other needs further examination.
In summary, we demonstrated in this study that the simultaneous detection of several different mRNA within one single blastomere is technically possible. IL-1β mRNA was expressed in blastomeres from 75% of the embryos examined. All blastomeres expressed IL-1R tI mRNA, whereas IL-1ra mRNA could only be detected in 17% of these blastomeres. The embryos corresponding to the IL-1ra positive blastomeres arrested before reaching the blastocyst stage.
